Rationale: Differences in the lung microbial community influence idiopathic pulmonary fibrosis (IPF) progression. Whether the lung microbiome influences IPF host defense remains unknown.
Methods: Paired microarray gene expression data derived from peripheral blood mononuclear cells as well as 16S ribosomal RNA sequencing data from bronchoalveolar lavage obtained as part of the COMET-IPF (Correlating Outcomes with Biochemical Markers to Estimate Time-Progression in Idiopathic Pulmonary Fibrosis) study were used to conduct association pathway analyses. The responsiveness of paired lung fibroblasts to Toll-like receptor 9 (TLR9) stimulation by CpG-oligodeoxynucleotide (CpG-ODN) was integrated into microbiome-gene expression association analyses for a subset of individuals. The relationship between associated pathways and circulating leukocyte phenotypes was explored by flow cytometry.
Measurements and Main Results: Down-regulation of immune response pathways, including nucleotide-binding oligomerization domain (NOD)-, Toll-, and RIG1-like receptor pathways, was associated with worse PFS. Ten of the 11 PFS-associated pathways correlated with microbial diversity and individual genus, with species accumulation curve richness as a hub. Higher species accumulation curve richness was significantly associated with inhibition of NODs and TLRs, whereas increased abundance of Streptococcus correlated with increased NOD-like receptor signaling. In a network analysis, expression of up-regulated signaling pathways was strongly associated with decreased abundance of operational taxonomic unit 1341 (OTU1341; Prevotella) among individuals with fibroblasts responsive to CpG-ODN stimulation. The expression of TLR signaling pathways was also linked to CpG-ODN responsive fibroblasts, OTU1341 (Prevotella), and Shannon index of microbial diversity in a network analysis. Lymphocytes expressing C-X-C chemokine receptor 3 CD8 significantly correlated with OTU1348 (Staphylococcus).
Idiopathic pulmonary fibrosis (IPF) is an interstitial lung disease with high mortality and variable disease progression. Whereas some patients progress rapidly to death, others experience a slower decline with periods of stability (1) . The causes of IPF and factors leading to disease progression remain incompletely characterized (2) .
IPF pathogenesis involves recurrent injury to the alveolar epithelium with aberrant wound healing that results in fibrosis rather than normal repair (3) (4) (5) . Studies have implicated immunologic aberrations to be associated with IPF progression. These include the development of autoimmunity (6) and dysregulation of immune signaling (7) (8) (9) (10) . Toll-interacting protein (TOLLIP), TLR3, TLR9, and MUC5B (11) (12) (13) (14) (15) , all of which contribute to innate immunity and host defense (16) (17) (18) (19) (20) (21) , have been linked to IPF susceptibility and outcomes. The downregulation of CD28, ICOS, LCK, and ITK, genes involved in T-cell signaling, have also been found to predict transplant-free survival in patients with IPF (9) , further supporting an immunologic link. Genes involved in the a-defensin pathway, critical to host defense, also predict disease severity (22) . Importantly, sustained TLR9 activation in lung myofibroblasts can characterize rapidly progressive IPF (15) . Altogether, these data suggest a role for modulation of immune mechanisms in IPF disease activity.
Although the lung has historically been considered sterile, modern cultureindependent techniques show diverse populations of bacteria in the lung (23, 24) . Microaspiration along with microbial migration, elimination, and relative growth rates determine the composition of the lung microbiome (25, 26) . Changes in host microanatomy, cell biology, and innate defenses can alter the dynamics of bacterial turnover, leading to colonization by well-recognized bacterial pathogens. In turn, this dynamic can influence lung inflammation (27) .
Aberrant host immunity may lead to colonization and proliferation of pathologic organisms in lower airways, potentially contributing to the recurrent alveolar injury characteristic of IPF pathogenesis. We previously demonstrated that the presence of two operational taxonomic units (OTUs), belonging to Staphylococcus and Streptococcus spp., in bronchoalveolar lavage (BAL) fluid predicted differential survival in patients with IPF (28) . Other investigators also identified Streptococcus to be more abundant in patients with IPF than in control subjects and identified increased bacterial burden and decreased diversity to be predictive of poor outcomes in IPF (16) . Whether the composition of lower airway microbiome influences IPF-relevant peripheral blood gene expression pathways remains unknown.
In this investigation, we conducted a comprehensive analysis of host-microbiome interaction by integrating peripheral blood gene expression profiles, lung microbial community, and IPF outcomes. Specifically, we hypothesized that the lung microbiome influences innate and adaptive immune response signaling and that host-microbiome interaction modulates progression-free survival (PFS). We used paired clinical, gene expression, circulating leukocyte, and microbial data derived from patients enrolled in the COMET-IPF (Correlating Outcomes with Biochemical Markers to Estimate TimeProgression in Idiopathic Pulmonary Fibrosis) study (NCT01071707) to address this global hypothesis. In addition, we investigated links between identified lung microbes and CpG-oligodeoxynucleotide (CpG-ODN) responsiveness of lung fibroblasts to innate Toll-like receptor 9 (TLR9) activation.
Methods

Study Population
COMET-IPF participants were diagnosed using American Thoracic Society/European Respiratory Society criteria (29) and prospectively enrolled at nine U.S. clinical centers. Inclusion and exclusion criteria, along with trial endpoints, were previously described (10, 28, 30) . Descriptions of demographics and baseline pulmonary function tests are presented in the online supplement. A composite physiologic index (CPI) (31) was calculated for all participants. PFS, the primary combination endpoint for COMET-IPF, was defined as the time from study enrollment to death, acute exacerbation, lung transplant, or relative change in FVC greater than or equal to 10% or diffusing capacity of the lung for carbon monoxide (DL CO ) greater than or equal to 15%. Bronchoscopy was completed at enrollment of patients who were clinically stable and without evidence of active infection, as described previously (28) . Descriptions of BAL microbial species determination and data processing are presented in the online supplement.
Lung Fibroblast Culture
Transbronchial biopsy samples were obtained for fibroblast culture in Dulbecco's modified Eagle medium (Lonza, Walkersville, MD) containing 15% fetal calf serum (Cell Generation, Fort Collins, CO), 100 IU of penicillin, 100 mg/ml streptomycin (Corning, Tewksbury, MA), 292 mg/ml L-glutamine (Corning), and 100 mg/ml Primocin (InvivoGen, San Diego, CA) at 37 8 C and 10% CO 2 . Fresh medium was added to the fibroblasts every 2-3 days, and the cells were passaged when they were 70 to 90% confluent.
Data Analysis and Integration
See the online supplement for additional details on data analysis and integration.
PFS-associated host canonical signaling pathways. Microarray gene expression data derived from host PBMCs was transformed into a data matrix of pathways samples using the GSVA R/Bioconductor software package (https://bioconductor.riken.jp/ packages/3.1/bioc/html/GSVA.html), as described in the online supplement. Pathways in the Molecular Signature Database (MSigDB; Broad Institute, Cambridge, MA), a collection of annotated gene sets, were correlated with PFS using Cox proportional hazards regression. Identification and visualization of interaction networks that incorporate clinical traits, canonical pathways, and microbial features were performed using the Cytoscape platform (www.cytoscape.org).
Fibroblast responsiveness to TLR9 stimulation using CpG-ODN.
Transbronchial biopsy specimens were available in a subset of COMET-IPF patients (n = 27). Lung fibroblasts derived from these transbronchial biopsies were treated for 24 hours with or without CpG-ODN (15) . a-Smooth muscle actin greater than twofold expression (i.e., treated vs. untreated) was deemed responsive. Logistic regression with univariate and multivariate analyses was conducted to determine microbial genera-associated CpG-ODN responsiveness. Support vector machines followed by leave-one-out cross-validation (LOOCV) was used to construct a microbial model predictive of CpG-ODN responsiveness.
Correlation of circulating leukocyte phenotypes with microbial measures.
Peripheral blood collected from COMET-IPF patients was available for 32 of the 68 cases and was analyzed for leukocyte phenotypes by flow cytometry as previously described (10) .
Results
Study Population
Sixty-eight of the 88 subjects enrolled in COMET-IPF possessed both sufficient PBMC RNA and BAL specimens for the paired integration analyses (see Figure E1 in the online supplement). A subset (n = 27) of these 68 COMET-IPF subjects had paired CpG-ODN response data for TLR9 stimulation in lung fibroblasts derived from transbronchial biopsies as well as microarray gene expression data derived from host PBMCs ( Figure E1 ). Demographics and clinical traits of these two subsets are summarized in Table 1 .
PFS-associated Canonical Signaling Pathways Are Predominantly Immunologic
The events comprising the composite endpoint in the COMET-IPF cohort (Table  E1) are summarized with the Kaplan-Meier estimator ( Figure E2 ). They demonstrated that categorical lung function decline measured by FVC or DL CO is the largest A subset of COMET-IPF patients with CpG-oligodeoxynucleotide-mediated Toll-like receptor 9 response data from fibroblasts and expression array data from peripheral blood mononuclear cells.
constituent of the PFS composite endpoint in this study. At five total events, acute exacerbations were only a minor component. In our pathway analysis of PBMC gene expression microarray data, 11 canonical pathways with odds ratios (ORs) less than 1 were significantly associated with PFS, indicating that inhibition of these pathways was associated with poorer PFS (Table 2) . Among these pathways, eight involved the immune inflammatory response and pathogen infection, and three involved pattern recognition receptors (PRRs) responding to pathogen-associated molecular patterns. These included TLRs, nucleotide-binding oligomerization domain (NOD)-like receptors (NODs), and retinoic acid-inducible gene I-like receptor (RIG1) signaling pathways.
Systems Biology Integration of PFSassociated Pathways and Lung Microbial Community
Ten of 11 PFS-associated pathways ( Figure 1 , gray hexagons) correlated with microbial community features (green circles). Network analysis and visualization revealed a microbial feature (species accumulation curve [SAC] richness, represented by gold circle) as the hub node in this network, connecting to 7 of 10 pathways with significant negative correlation (green edges). The most significant connections were between increased SAC richness and decreased NOD and TLR signaling pathways (thick green edges). In addition, OTU1345 (Streptococcus genus), found in increased abundance in patients with progressive IPF (34), was negatively (green edges) and significantly correlated with the NOD signaling pathway (Figure 1 ). Increased abundance of OTU1345 (Streptococcus), OTU1274 (Pseudomonas), OTU1249 (Leptotrichia), OTU1350 (Streptococcus), and OTU1254 (Actinomyces) positively (red edges) correlated with PRR pathways (i.e., TLR, NOD2, and RIG1 signaling pathways), which is opposite to SAC richness.
Gene Coexpression Modules Associated with Clinical Traits, Microbiome Diversity, and Individuals OTUs
A correlation matrix of paired gene expression modules, microbial community features, and clinical traits showed varying degrees of correlation between each of these variables ( Figure 2) . A list of genes in each module correlated with microbial SAC richness can be found in Table E2 . The magenta module was positively correlated with DL CO (r = 0.32; P = 0.007; red box) and negatively correlated with CPI (r = 20.33; P = 0.006; green box). This inverse relationship is expected because decreasing DL CO leads to increasing CPI. The magenta module was also positively correlated with several microbial community features, including SAC richness (r = 0.52; P , 5 3 10 26 ), OTU1302 (Pseudomonadaceae; r = 0.45; P , 1 3 10 24 ), OTU1256 (Prevotella; r = 0.3, P = 0.01), and OTU1291 (Prevotella; r = 0.26; P = 0.03). OTU1348 (Staphylococcus) and OTU1341 (Prevotella) were negatively correlated (i.e., r , 0) with the purple, green, yellow, and pink gene modules. The full taxonomic classification for each OTU is listed in Table E3 . A gene significance analysis of the magenta module further confirmed a negative correlation with CPI (P = 4.7 3 10
26
) and a positive correlation with microbial richness (P = 1.2 3 10 227 ) ( Figures E3A and  E3B , respectively). The canonical pathways within each host gene module are provided in Table E4 .
Pathways enriched (P , 0.05) within the magenta module included integrin signaling, Rho family GTPase signaling, granulocyte movement, and coagulation system signaling ( Figure E4 ). Integrin a v b 3 , commonly expressed in platelets, is involved in Rho GTPase-mediated activation of sphingosine-1-phosphate endothelial cell chemotaxis (35) and also acts as a receptor for another gene in the set, von Willebrand factor. Sphingosine-1-phosphate activity has been shown to be involved in the onset of pulmonary fibrosis (36, 37) . Interestingly, integrin a v b 6 , also linked to pulmonary fibrosis via Rho-mediated signaling (38) (39) (40) , is not included in the magenta module. Other genes include carbonic anhydrase 2, which is involved in bacterial killing (41) , and PDE5A, which mediates pulmonary hypertension and has previously been targeted in IPF (42) .
PBMC Canonical Pathways Are Associated with Microbial Community Features
Using significant analysis of microarrays (SAM) with the criterion of false discovery rate (FDR) less than 10%, we identified genes significantly associated with selected microbial community features, including the Shannon index; the inverse Simpson index (invsimpson); SAC richness; and abundance of OTU1348 (Staphylococcus), OTU1341 (Prevotella), and OTU1302 (Pseudomonas) ( Table E5 ). IPA revealed that the integrin-linked kinase signaling pathway and inducible costimulator (iCOS)-iCOS ligand (iCOSL) signaling in T-helper cells were positively and negatively associated with Shannon divergence, respectively. Integrin signaling and epithelial adherence junction signaling pathways were associated with SAC richness index, and natural killer cell signaling was associated with the Table E6 . Both WGCNA and SAM approaches supported linkage of diversity index scores with less expression of immune regulatory functions (i.e., iCOSiCOSL), and more integrin signaling, or cell survival pathways.
Microbial Abundance Correlates with TLR Gene Expression in Host PBMCs
In the list of PFS-associated canonical pathways, TLR signaling was the most prominent feature (Table 2) . Thus, we correlated microbial OTUs with expression of TLR1-TLR10 and their inhibitory regulator, TOLLIP ( Figure E5 ). When correlating TLR mRNA expression levels with the OTUs in BAL fluid, the most significant positive correlation was observed between TLR9 and OTU1348 (Staphylococcus; r = 0.38; adjusted P value [FDR] = 0.02) and OTU1341 (Prevotella; r = 0.48; FDR = 0.0003). TOLLIP expression was correlated with OTU1274 (Pseudomonas; r = 0.31; FDR = 0.1). OTU1278 (Bordetella) was significantly correlated with TOLLIP and multiple TLRs, including TLR2 (r = 0.37; FDR = 0.02).
Fibroblast Responsiveness to TLR9 Signaling Correlates with Altered Microbial Community TLR9-mediated CpG-ODN fibroblast responsiveness was associated with a trend toward differential PFS in this cohort, though the log-rank P value did not cross the significance threshold, owing in part to the small sample size ( Figure E6 ). Using an iterative support vector machines model followed by LOOCV, we prioritized 10 OTUs that demonstrated 75% sensitivity and 82% specificity in prediction of fibroblast CpG-ODN responsiveness (Table  E7) . Individual predictors of CpG-ODN responsiveness included OTU1345 (Staphylococcus) and OTU1331 (Veillonella), which had opposing effect sizes (fold change, 4.07 vs. 0.085, respectively). Notably, four OTUs representing Prevotella were identified by this prediction model (Table E7 ). Figure 1 . Interaction network between progression-free survival (PFS)-associated canonical pathways and microbial diversity indices and operational taxonomic units (OTUs). This network illustrates the correlational interaction of PFS-associated host canonical pathways (listed in Table 2 ), with gray hexagons for pathways with a Wald P value less than 0.05 or gray hexagons with blue outlines for pathways with a Wald P value less than 0.01 in PFS analysis, respectively, and microbial community features designated by gold circles for microbial diversity indices and green circles for OTU abundance. The diameter of the green circles is proportional to the correlation coefficient. The red edges represent positive correlation, and the green edges represent negative correlation. The thickness of the edges is determined by 1 2 (P value). All PFS-associated host canonical pathways except the Kyoto Encyclopedia of Genes and Genomes (KEGG) chemokine signaling pathway in Table 2 Figure E7 ). To look at potential interactions, we integrated the 22 CpG-ODN-responsive associated pathways ( Figure E7 ) with pathways enriched within each of the 10 host gene coexpression modules (Table E4) , as well as with microbiota-associated pathways (Table E6) . We identified 14 overlapping canonical pathways, which were used to construct an interaction network using Cytoscape version 3.0 software (Figure 3 ). This network demonstrates that patients with CpG-ODN-responsive fibroblasts (yellow hexagon) are positively correlated (red lines) with numerous immune response pathways (light blue circles). There was a negative association (green lines) between these immune response pathways and the abundance of OTU1341 (Prevotella; purple diamond), as well as to, a lesser degree, OTU1348 (Staphylococcus; purple diamond). The top four nodes displaying the highest network betweenness centrality were OTU1341 (Prevotella), glucocorticoid receptor (GR) signaling, green gene module, and Shannon diversity index ( Figure E8A ). Three nodes displayed the high closeness centrality, including nuclear 
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factor-kB signaling, role of osteoblasts and chondrocytes in rheumatoid arthritis, and acute-phase response signaling ( Figure E8B ).
Inflammatory Leukocyte Phenotypes Associated with Microbial Measures
Associations between paired lung microbial data and blood leukocyte phenotypes were assessed in a subset of patients with these data (n = 32) ( Figure E1 ). This demonstrated a significant correlation between C-X-C chemokine receptor 3 (CXCR3) CD8-activated T cells and with OTU1348 (Staphylococcus; r = 0.77; FDR = 0.0002) and OTU1283 (Cronobacter; r = 0.71; FDR = 0.001) ( Figure 4A , red box).
The most significant correlation in CD14-expressing cells was found between CD14 hi CD16 lo CC chemokine receptor 2-expressing classical inflammatory macrophages and OTU1281 (Acinetobacter; r = 0.47; FDR = 0.05) ( Figure 4A , red box).
Both CD4
1 CD28 lo and CD8 1 CD28 lo nonactivated T cells significantly correlated Figure 3 . Network of canonical signaling pathways that are individually associated with CpG-ODN responsiveness, host gene coexpression modules, and microbial community features. An integrated approach was used to identify common canonical pathways (light blue circles) enriched from the following three paired datasets obtained from patients with IPF in the COMET-IPF study: (1) fibroblast response to CpG-ODN, (2) microbial diversity indices and OTUs, and (3) WGCNA host gene coexpression modules. Up-regulated genes between cases with CpG-ODN response and CpG-ODN nonresponse were subjected to Ingenuity Pathway Analysis with a criterion of FDR less than 0.01 to identify 22 significantly CpG-ODN response-associated canonical pathways. These 22 pathways were then matched to the canonical pathways associated with 10 host gene coexpression modules (gray squares) from PBMC microarray and microbial diversity indices and OTUs (purple diamonds) from bacterial 16S ribosomal RNA sequencing (Tables E2 and E4 , respectively). Fourteen pathways (light blue circles) were shared among CpG-ODN response (yellow hexagon), microbial features (purple diamonds), and host gene coexpression modules (gray squares). The red and green edges represent positive and negative associations between nodes, respectively. Gray edges represent both positive and negative associations between nodes. The width of the edge is proportional to the value of 2log P value (i.e., thicker edge is more significant). COMET-IPF = Correlating Outcomes with Biochemical Markers to Estimate Time-progression in Idiopathic Pulmonary Fibrosis; FDR = false discovery rate; iNOS = inducible nitric oxide synthase; IPF = idiopathic pulmonary fibrosis; NF-kB = nuclear factor-kB; ODN = oligodeoxynucleotide; OTU = operational taxonomic unit; PBMC = peripheral blood mononuclear cell; PKR = protein kinase R; PPAR = peroxisome proliferator-activated receptor; TNFR2 = tumor necrosis factor receptor 2; WGCNA = weighted gene coexpression network analysis R software package.
with decreased microbial SAC richness (r = 20.43; FDR = 0.06; Figure 4B , green box; and r = 20.38; FDR = 0.06; Figure 4B , green box) and increased SAC richness correlated with total CD4 Figure 4B , red box).
Discussion
Microbial pathogenicity, arising from either loss of microbial communal health or loss of an appropriate immune response, has been implicated as a mechanism for variability in IPF disease progression (28) . Our comprehensive systems biology approach layered clinical features, including PFS, with multiple biological samples (PBMC gene expression, BAL 16S ribosomal RNA sequencing, fibroblast CpG-ODN responses, and circulating leukocyte phenotypes) to reveal supportive links to key host immune response pathways. We demonstrate that 1. reduced expression of PFS-associated canonical pathways in PBMCs was associated with a worse outcome ( Table 2) ; 2. down-regulation of immune response-relevant pathways was associated with changes in the abundance of specific microbial OTUs ( Figures 1 and 2) ; 3. abundance of particular OTUs correlated with expression of several TLRs ( Figure E5 ); 4. lung fibroblast CpG-ODN responsiveness to TLR9 activation was positively correlated with expression of host immune response-relevant signaling pathways ( Figure 3) ; 5. increased expression of these same immune response-relevant pathway genes was negatively correlated with the abundance of OTU1341 (Prevotella) and OTU1348 (Staphylococcus) ( Figure 3) ; and 6. alterations in the microbial community structure were associated with changes in circulating leukocyte phenotypes (Figure 4 ).
These data suggest that PRR-and immune response-relevant signaling pathways play a central role in PFSassociated host-microbiome interactions and may provide a target for therapeutic intervention.
In our PFS transcriptomic survival analysis, we identified 11 significant canonical pathways, including major PRR signaling pathways and 4 other inflammatory response pathways (Table 2) . TLR-, RIG1-, and NOD-like receptor signaling are integral to the innate immune response, which constitutes the first line of defense against invading microbial pathogens. PRRs detect distinct evolutionarily conserved structures on pathogens, termed "pathogen-associated molecular patterns" (PAMPs) (43) . Recognition of PAMPs by PRRs rapidly triggers an array of antimicrobial innate immune responses through the induction of various inflammatory cytokines, chemokines, and type I IFNs to promote host defense.
Nine of the 11, mostly immune, host canonical pathways correlated with both PFS and microbial diversity indices (Figure 1 ). Most dramatic were increased SAC richness index and a strong negative correlation with NOD-like receptor and TLR signaling pathways. Furthermore, a reduced immune response represented by decreased NOD-like receptor signaling associated with increased abundance of OTU1345 (Streptococcus), and both this reduced immune response and increased Streptococcus abundance correlated with poorer PFS, suggesting a genomic link. Interestingly, recent work suggests that Streptococcus pneumolysin exacerbates lung fibrosis in murine models (44) .
Our data also suggest that the microbial community composition is related to impaired epithelial integrity as well as to ORIGINAL ARTICLE severity of lung function abnormality, which is a surrogate of IPF severity. In the WGCNA analysis, bacterial community SAC richness index, OTU1302 (Pseudomonadaceae), and preserved DL CO and CPI were linked to the magenta gene module. By IPA, we found that this module was enriched for integrin and epithelial adherens junction signaling, as well as for signaling by Rho family GTPases and coagulation system, among others (35, 45, 46) . All of these are known to be important in epithelial and mesenchymal cell homeostasis ( Figure E4 ) (47) (48) (49) (50) . Conversely, loss of microbial community diversity is associated with reduced PBMC gene expression in this module. This may be acting as a surrogate for changes of epithelial and mesenchymal cellular activity, which are important in IPF. In addition to OTU1348 (Staphylococcus), WGCNA identified OTU1341 (Prevotella) as strongly linked to multiple gene expression modules (Figure 2) , suggesting a potential symbiosis between Prevotella spp. and Staphylococcus spp. in reducing PFS.
Examination of genes correlated with quantitative traits by SAM for invsimpson (219 genes) and SAC richness (325 genes) suggested that a more diverse microbial environment leads to an appropriate host immunologic response (Table E5) . Conversely, OTU1348 (Staphylococcus) significantly correlated with decreased expression of all 464 significant genes identified with overrepresentation in insulin-like growth factor 1 and vascular endothelial growth factor signaling pathways, both of which have been implicated in pulmonary fibrosis (51) and are involved in tissue repair (52) .
To our knowledge, our study is the first to link blood gene expression with the lung microbiome. There are studies that have linked the microbiome to lung tissue gene expression (53) , as well as PBMC expression and lung tissue expression (54), but none have linked PBMC expression and the microbiome directly. Therefore, any comparison of these prior studies and our present analysis should be undertaken with caution.
Our findings also suggest that the lung fibroblast response to CpG-ODN-mediated TLR9 signaling may be dependent upon the lung microbial community and/or may also reflect the status of immune signaling within the patient as a whole. It is important to note that, in prior studies by our group using fibroblasts from surgical lung biopsies, only IPF cases demonstrated significant activation by CpG-ODN stimulation, whereas fibroblasts from healthy individuals did not (55) . However, these historical surgical biopsies differed in anatomical location from the transbronchial biopsies collected by COMET-IPF investigators, leaving it unknown whether these transbronchial biopsy specimens approximate those that would be observed in surgical lung biopsies. Both alone and within our LOOCV predictor model, increased presence of OTU1331 (Veillonella) correlated with increased CpG-ODN fibroblast responsiveness. Veillonella is a commensal, anaerobic, gram-negative coccus normally found in the mouth and gut. It commonly triggers the innate immune response via TLR4 (56) . Multiple OTUs representing Prevotella and Streptococcus, which predict reduced PFS in IPF, were also found to be significant negative predictors of fibroblast responsiveness. Positive correlations between TLR9 expression in PBMCs and OTU1348 (Staphylococcus) and OTU1341 (Prevotella) ( Figure E5 ) were also observed. Although speculative, impaired innate responses in patients with progressive IPF may allow outgrowth of potentially pathogenic species such as Staphylococcus, which may in turn promote lung injury and fibrosis. Alternatively, we may be measuring abundance of microbial OTUs (e.g., Prevotella) that are not generally considered pathogenic but may cosegregate with other microbial species that are harmful but are not identified in this analysis.
Our network (Figure 3) shows the interrelationship between an altered microbial community, CpG-ODN responsiveness, and PBMC gene expression. Our KEGG analysis of CpG-ODN responsiveness supports activation of the immune/inflammatory response, IL-6 signaling, and TLRs, among others. Furthermore, the magenta module, which is strongly representative of richness, was notably absent in our network analysis. Our network modeling revealed that CpG-ODN responsiveness was connected with OTU1348 (Staphylococcus) via GR signaling and with OTU1341 (Prevotella) via 10 canonical pathways, including GR, TLR, and IL-6 signaling pathways (Figure 3 ). This network suggests that immune responses in PBMCs may be down-regulated in response to accumulation of certain microbial species, depending on fibroblast responsiveness.
Our circulating leukocyte phenotype data provide additional evidence that innate immune responses are aberrant in patients with IPF and may be modulated by alterations in the microbial community. The correlation between a potentially pathogenic genus (Staphylococcus; OTU1348) and accumulation of CXCR3 1 CD8 1 T cells involved in Th1 signaling could be evidence that the immune system is activated in response to certain microbes, potentially causing lung damage or, alternatively, that immune cells accumulate to combat the infection. Similarly, we cannot assume that TLR9 signaling is universally beneficial. Although TLR9 activation of professional immune cells may help to limit pathogens, we have also reported that higher expression of TLR9 and consequent CpG-ODN-induced myofibroblast differentiation may accelerate disease progression in IPF.
Our results suggest one possible mechanism for why use of immunosuppressants in the PANTHER-IPF (Prednisone, Azathioprine, and N-Acetylcysteine: A Study That Evaluates Response in Idiopathic Pulmonary Fibrosis) trial proved to be harmful. One patient participated in both PANTHER-IPF and COMET-IPF, though the PANTHER-IPF treatment assignment is unknown. An additional five COMET-IPF patients were treated with low-dose prednisone at the time of bronchoscopy and blood collections, one of whom was also treated with azathioprine. These small numbers precluded the ability to include such therapies in our analysis.
This study has several limitations. Given the study design, our findings are only associative and cannot prove causality. In addition, the expression of some genes identified in this investigation may be influenced by non-PBMC-derived mRNA. This includes PDE5A and other vascular system-derived genes. Another limitation stems from the use of a composite endpoint in this analysis. Categorical decline in lung function constituted the largest number of events in this PFS composite endpoint. This may explain why canonical pathways involving innate immunity were highlighted in this investigation, whereas those involved in adaptive immunity with T-cell signaling were identified as predictive of transplant-free survival previously (9) . Limiting the analysis to pulmonary function decline by exclusion of deaths (n = 4) and acute exacerbations (n = 5) reduced the total number of significant pathways, but it did not appreciably change the results (Table E8) .
The size and complexity of this project precluded any reasonable pursuit of a validation cohort. As such, replication of our findings, along with mechanistic confirmation, is needed. Until then, caution is advised when focusing on any individual gene identified by this investigation. We attempted to optimize interpretation of our results by employing several supervised and unsupervised approaches, including GSVA, WGCNA, and network modeling, all of which showed similar findings. We also acknowledge that PBMC transcriptomics and circulating leukocyte phenotypes may not reflect the lung immune response. It is possible that activated inflammatory cells are trafficking to lung, leaving behind peripheral leukocytes that either have not been activated or are unable to be activated. We did not investigate immune cells in the lung or BAL. Therefore, whether our findings are indicative of lung pathobiology remains to be determined. Furthermore, although the peripheral blood provides an easily accessible compartment for RNA collection, it remains unclear how representative RNA from peripheral blood is of that derived from relevant lung tissue.
A larger-scale replication for blood transcriptomics linked to the bronchoscopic microbiome and clinical outcomes should be pursued in the future and would allow biomarker development for pragmatic clinical application. Additional highpriority investigations include assessing change over time in the microbiome and transcriptomics in the absence and presence of antimicrobial therapy, which would help address the "chicken-and-egg" issue for cause and effect. Last, ascertaining deeperscale lung microbiome characteristics using whole metagenomic sequencing would allow investigation into microbial functional traits instead of taxa. This has the potential to be significantly more meaningful for pathway analyses and the host immune response.
Conclusions
Our comprehensive approach sheds light on the molecular mechanism underpinning host-microbiome interaction. In each instance, microbes with increased abundance and decreased community diversity were associated with decreased PBMC transcriptomic expression of immune pathways and poorer PFS. Our data support an evolving concept of pathophysiological fibrosis-like reactions as an essential process in host immune reaction against potential pathogens. These data support the exploration of therapeutic approaches targeting modulation of the lung microbial community of patients with IPF, such as the upcoming National Institutes of Health-sponsored CleanUp-IPF trial (NCT02759120), in which researchers are assessing the efficacy of antibiotic therapy in IPF. More advanced metagenomic analyses are required to elucidate the functional role of individual genera and communities in IPF progression. n
